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SECTION I
SUMMARY

This report documents the B-1 Solid State Power Control (SSPC)
development performed by the Strategic Systems Division of Rockwell
International. This B-1 activity was the most comprehensive effort to date in
SSPC development. Covered within this report are aspects, e.g., safety,
nuclear transient radiation, maintainability, etc., that heretofore were not
explored. This report also includes: (1) completion of SSPC testing over the
temperature range, (2) conduction of selected performance tests, and (3) docu-

mentation of B-1 SSPC program accomplishments.

The scope of this report encompasses: (1) Trade-off Studies, (2) SSPC
Design, (3) Hybrid Design Considerations, (4) SSPC Assembly Design, (5) Test
Results, and (6) Conclusions and Recommendations for advancing and expanding
SSPC applicability.

The decision to use SSPCs on the B-1 Aircraft was based on participation
and evaluation of SSPC evolution from conception to implementation. The
evaluation included numerous trade studies to evaluate risk, size, weight,
power, etec. A chronological history of pertinent events is contained in
Section III. 1In addition to documenting the preimplementation studies,
Section III contains a retrospect comparison of the Solid State Power Control
Assembly (SSPCA) with a hypothetical Electromechanical Power Controller
Assembly. Results of the comparison showed that the solid state approach
retains a cost advantage, with a potential for further cost economics. The
B-1 Power Controllers (PCs) were a "conversion" from mechanical to solid state
and consequently suffered penalties due to "unchangeable" constraints, e.g.,
maintaining the Electrical Multiplexing (EMUX)-Power Controller Assembly (PCA)
interface. New systems will not contain these constraints, and a merger

toward total power management systems will eventually occur.

The SSPC design was preceeded by trade studies relating to "package"
size and "convertible" controllers, i.e., functions that could use solid state
(less than 2 A) controllers. Approximately one-half of the power controller
applications were convertible with a conversion ratio of approximately 1.5

Aabe.




SSPC to 1 Electro-Mechanical Power Controller (EMPC). The SSPCs were housed
in 13 identical assemblies, each capable of holding 60 SSPCs. A common design
for the assemblies had a significant life cycle cost advantage over the

multiple designs required for the EMPCAs.

The approach taken in the design of the SSPCs was a plug-in printed
circuit card containing four SSPC circuits. This circuit card was designated
the AC Switch module. Trade studies indicated that the plug-in PC technique
provided the best utilization of volume available and was the easiest (most
economical) to maintain. The majority of components for an SSPC circuit are
contained in two hybrids termed the Control Hybrid and the Power Hybrid.
Transformer technology is used to achieve coupling and ground isolation. Each
of the four SSPCs on the AC Switch module are completely and functionally

independent, except for the primary of the power transformer.

The Control Hybrid provides the isolated interface with EMUX, the
secondary power supply for an SSPC, and the logic necessary to generate the
control and timed trip-out functions. A significant advancement in SSPC
technology was the mechanization of the Control and Time-Trip logic. It is
contained on a single Monolithic Complementary Metal Oxide Semiconductor
(CMOS)/ Silicon-on-Sapphire (SO0S) Large Scale Integrated (LSI) device offering
significant potential for cost efficiencies in volume usage of SSPCs. The
control logic is such that the SSPC can be configured as normally on or

normally off - a first in SSPC application.

The Power Hybrid contains back-to-back Silicon Controlled Rectifiers
(SCRs) and associated drive circuitry. The SCRs are matched and tested to the
B-1 environment with a special emphasis on radiation requirements. The Power

Hybrid also contains a bridge rectifier circuit to accommodate the B-1 dc¢

loads.

In addition to the Control and Power Hybrids, the B-~1 SSPCA contains a
module of "Logic Hybrids" and one of "Status Hybrids". The application of
power control to advanced aircraft, like the B-1, is more than the application
and removal of power and provision of "protect" functions. Power is applied

or removed in many instances, e.g., the trim control (based on pilot inputs),



the direction the control surface is to move, and the position (limit) of
control, as well as redundant control for certain flight safety functions. 1In
the B-1, EMPCs use relay logic; in the SSPCA these applications were mecha- .
nized using the "Logic Hybrid", which provided AND-OR functions compatible

with the SSPC control input.

Another function used in power control is event statusing, e.g., landing
gear interlocks, used in application or removal of power for raising or
lowering landing gear. In the SSPCA these signals were isolated and
interfaced with EMUX using the "Status Hybrid".

Test results prove the feasibility of SSPCs. At the time of B-1
termination, qualification testing of the prototype SSPCs and SSPCA had been
started. However, SSPCA testing had progressed sufficiently to have completed
Dielectric Withstanding Voltage (DWV) tests and identified problems that can
be anticipated in high voltage/altitude environments. Temperature testing of

the SSPC was completed as part of this study.

In conclusion, the B-1 activities significantly advanced the
state-of-the-art in power control, especially solid state, as well as showing
where additional study and development could be beneficial to both application

ease and cost economies. The recommended follow-on activities include:

1) Expanding the range of SSPC capability beyond 2 A.

2) Integrating power controllers and data bus (MIL-STD-1553 Type) into
"smart" remote load management centers.

3) Analysis of load management functions with a goal of simplifying

the control function(s).
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SECTION II
INTRODUCTION

2.1 Background

This study was undertaken as a result of the growing need for the

application of SSPCs on future aircraft.

Efforts by the Air Force resulted in the development of SSPCs for the
B-1 flight test which paved the way for SSPC implementation on the B-1 produc-
tion aircraft. Rockwell International performed the work on the SSPC implemen-~

tation for the B-1, but the work was incomplete at the time of B-1 program

termination.

Continuation and completion of the B-1 SSPC program was considered cru-
cial to the advancement of the SSPC state-of-the-art technology. The SSPC work
for the B-1 was the most comprehensive effort ever done in the SSPC area and
included certain aspects of SSPCs which were never before studied in great
detail, e.g., system safety, maintainability, explosive atmosphere require-

ments, packaging trade-offs, and life cycle cost trade-offs.

2.2 0Objectiye

The objective of the effort was to complete the qualification tests of
the SSPC modules and to document the results of the tests and the information

accumulated during the development phase.

2.2 Approach

The approach taken was to complete the test effort using material and
equipment from the B-1 SSPCA Termination Inventory. The program length was six
months and included delivery of two operational and tested AC Switch Modules
to the Air Force Air Propulsion Laboratory (AFAPL) along with a final report
documenting in detail the B-1 SSPC effort.
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SECTION III
POWER CONTROLLER TRADE-OFF STUDIES

3.1 Background

The B-1 aircraft significantly advanced the state-of-the-art of power
control and distribution systems. It was the first multiplexed electrical
control system (EMUX). EMUX provided automatic load management capability and
eliminated 57 miles of control wires. EMUX provided the control to and moni-
tored the status of power controllers which distributed the power throughout
the aircraft. In the early B-1 aircraft, a basic PC consisted of a relay, a
thermal circuit breaker, and a relay driver (EMUX interface). Thus, in
addition to remote control, the PCs provided overcurrent (circuit breaker)
protection. The PC elements were used in various mixes of breakers, relays (2
and 4 pole), and drivers to provide control and monitor capability e.g. trim

tab, landing gear control, etc.

Aircraft No. 4 contains approximately 1000 circuit breakers. These PCs
were housed in 25 enclosures called Power Controller Assemblies (PCAs) located
in various equipment bays throughout the aircraft. Each PCA was unique, and
was treated as part of the aircraft structure rather than an electronic
assembly. The maintenance philosophy was to replace PC elements at the flight

l1ine.

Solid State Power Control activities started in 1969 with the
circulation of the Power Controller specification, MIL-P-81653. The potential
advantages of SSPCs vs EMPCs and the quantity of PCs anticipated for B-1 made
B-1 a prime application of SSPCs.

The first EMPC vs SSPC study was performed in 1971. This study
concluded that SSPC state-of-the-art was not sufficiently advanced for B-1
use. The main objections were in the areas of leakage current, radiation

hardening, weight, volume, and current interrupt capability.
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In January 1972, AFAPL contracted with Westinghouse to develop 1 and 1.6
A. SSPCs, with Rockwell International slated to evalute the units. In April
1972, Telephonics submitted 0.5 A SSPCs for B-1 evaluation and the evaluation
of these SSPCs was added to the program. 1In 1972, industry opinions regarding
SSPCs were again solicited in an attempt to define requirements for 0.5 A to
35 A. devices. An evaluation of SSPC status concluded that qualified SSPCs
would not be available for the first flight of the B-1 Aircraft No. 3. The
first prototype SSPCs were developed by Westinghouse and Telephonics circa
December 1972 to February 1973. In December 1974, the first draft of a B-1
SSPC specification, L450C2052, was generated.

This procurement specification offered an option in SSPC packaging. The
Type 1 contained plug-in "can" units and Type 2 contained module units with
three SSPCs per module. This document closely followed requirements of
MIL-P-81653 with added B-1 requirements.

In 1974, B-1 Production Cost Acquisition Studies were sponsored by AF B1
SPO. The objective of these studies was to evaluate techniques for reducing
the cost of B-1 production aircraft. EMUX, PCAs and SSPCs were subjected to

in-depth studies.

Of major impact to SSPC advancement was the SSPC Implementation Study,
NA 74-887, Control Study 309-118. This report is attached as Appendix B. This
study proposed using SSPCs and EMPCs in mixed or hybrid packaging configura-
tions and presented Westinghouse and Telephonics units as examples. It pro-
posed 50 percent replacement of EMPCs with SSPCs for implementation on Air-
craft No. 4. A go-ahead of 1 June 1975 was proposed, with delivery 1 April
1977, based on a 33 month program. Weight reduction due to SSPC changes was
77 pounds. Total weight savings anticipated was 211 pounds due to volume
reduction, packaging methods, wiring reduction, and tray changes permitted

when using SSPC units.

In November 1975, SSPCs were ready for flight test. However, flight
tests for the SSPC circuitry in B-~1 Aircraft No. 1 were never achieved because
of the magnitude of effort and impact on aircraft schedules. The effort was

modified to include in-house bench tests and extended to include Autonetics




new breadboard units. Tests conducted included compatibility, basic operation
requirements for the B-1, and endurance. The new 0.3 A. Autonetics breadboard
unit was also tested for rupture requirements. All tests were successful. The
SSPC procurement specification was completed and SSPC suppliers were notified

of the changes to the module packaging technique and all expressed a continued

interest.

In December 1975, Contract Change Proposal 328 was initiated to perform
long-lead item studies of SSPC options to replace EMPCs < 2 A. The seven

options studied were:

1) EMPCA, "Line" Maintenance, SSPCA, No line maintenance; SSPC to be
plug-in card. EMPCA and SSPCA would be separate Line Replaceable
Units (LRUs). (Defined as segregated configuration).

2) Same as Option 1 except SSPCA would be 1ine'maintenance with
ruggedized SSPC for removal at flight line.

3) Combine EMPC and SSPC into same LRUs as mixed configuration, no
flight line maintenance. SSPC would be plug-in module card.

4) Same as Option 3 except use ruggedized SSPC module cards for flight
line removal of SSPC or EMPC components.

5) Same as Option 4 except no flight line maintenance for SSPC portion
of LRU but EMPCA components would be replaced at the flight line.

6) Same configuration as Option 3 (mixed) except use SSPC canned units
of Westinghouse or Telephonics type.

7) Same configuration as Option 4 with flight line maintenance for
canned SSPC units and EMPCA components.

Each option was assessed for weight, volume, reliability, development
cost, production unit cost, maintenance, support cost and life cycle costs.
These studies presented an in-depth review of actual Aircraft No. 3 circuits
< 2 A to determine what quantity of SSPCs would be required in each aircraft
location. Also, it became apparent that a one-to-one replacement of SSPC for
EMPC was not a reality in that there were 35 different configurations of

circuit breakers, relays, and driver combinations in the aircraft. For



example: normally open, normally closed, 3 @, 3 @ reversing, dc, status,
parallel, series, series - parallel, logic, dual output isolation and various
circuits sharing the same circuit breaker. This led to the necessity for

adding Logic, Status, and Diode Bridge module boards to the SSPCA.

Option 2) was selected as best from weight, volume, and cost

considerations. This was a segregated LRU configuration and required

approximately 11,000 aircraft wiring changes.

During the study, three SSPCs per 5 in. x 6 in. circuit board were
determined to be most effective from weight, volume, and cost considerations
with the LRU determined to be 1/2 ATR size. Later finalization of circuit
counts showed that four SSPC circuits per board were necesary to minimize LRU
types and meet circuit requirements in all areas. To maximize weight, volume,
and cost savings, the final configuration selected was three SSPCA (LRU) types
with plug-in module cards 5.65 x 6.25 with 3/4 inch centers and four circuits
per SSPC card. Each SSPCA would also contain a Logic, Status, and Diode

Bridge card.

During the study, Westinghouse Electric, Telephonics, and Rockwell
International were presented with the latest developments and requested to
provide circuit schematics, board layouts, part count, component identifica-
tion, circuit detail description (technical), schedules, production unit cost,
development costs, and historical background in solid state programs. Each of
the designs was assessed from a technical standpoint to assess risk. This
risk also became part of the overall schedule to provide for circuit

interations in development or test as required.

Rockwell International presented a briefing of the above study and
conclusions to the Air Force at Wright Patterson Air Force Base. Conclusions

presented were:

1) The canned approach is more costly.
2) The PCB approach is less costly.
3) LRU Removal at flight line (SSPCA) is best weight savings (217 1b).




Based on the best combination of cost, weight, and volume, the

recommendations were:

1) Rockwell make SSPC Module available for Aircraft No. 5.
2) Competitive make SSPC module available for Aircraft No. 8.

Autonetics was awarded a contract to provide the SSPCs in July 1976 for

implementation on Aircraft No. 5.

One of the early results of this contract was a standard PCA type that
could be used in all SSPCA locations in place of the three SSPCA types
originally proposed. This unit is described in this report.

The preceding summarized the precontract trade studies leading to SSPC

implementation. In the following paragraphs, a retrospect comparison of SSPCs
and EMPCs is made to aid in future assessment of SSPC implementations.

3.2 Objective and Approach
The objective of this section is to compare Rockwell International's 0

to 2 A SSPCs developed for implementation on Aircraft No. 5 with EMPCs used in

Aircraft No. 1 through 4. The comparison presented is as follows:

1) A description of Power Controller requirements

2) A description of EMPCs and SSPCs

3) A comparison of aircraft usage of 2 A PCs, (EMPCs versus SSPCs)
4) A description of EMPC and SSPC circuit characteristics

5) A comparison of EMPC versus SSPC

6) A description of EMPCAs and SSPCAs

7) A comparison of EMPCAs versus SSPCAs

 ——————— A ®




3.3 B-1 Aircraft PC Requirements (2 A Only)

There are approximately 900 circuits requiring control of current in the
0 to 2 A range on the B-1 Aircraft. The general requirements are listed ’

below:

1) Bus voltage: 230 V, 400 Hz

2) Load current: 0 to 2 A 400 Hz; O to 200 mA dc

3) Controller voltage drop: 2.2 V maximum

4) PC Trip for load over-current (>2 A) condition

5) Trip condition indicated by a closed switch (V < 1 V at 10 mA)

6) Status of PC (open/closed) indicated by an open/closed switch (V < 1
V at 10 mA)

7) PC controlled by 10 mA, O to 5 V dec signal

8) Operating temperature range: -55 to 75°C

9) Operational environment: Manned aircraft

10) Other critical parameters: Reliability, weight, and volume

3.4 Electro=-M ical P & ntroller

A block diagram of an EMPC is shown in Figure 1.

VWA

AC LOAD

Figure 1. EMPC Block Diagram
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The design features of this electromechanical design are

1)

2)

3)

4)

Manual resettable circuit breakers that indicate a Trip for load
currents greater than, in this case, 2 A. The maximum voltage drop
of a Type 1 circuit breaker is 1.4 V.

An electronic driver that controls the voltage (230 V, 400 Hz) to
the coil of an electromechanical relay. The driver maximum voltage
drop is 2.0 V rms. The driver turn-on/off control voltage is a
nominal 5 V/0 V dc and the maximum input current is 10 mA.

The relay contacts apply the nominal 230 V ac to the load; auxiliary
relay contacts are used to provide a signal as to the Status
(open/closed) of the relay contacts.

The EMPC turn on/off time is 20/40 msec maximum.

3.5 Solid State Power Controllers

A block diagram of an SSPC is shown in Figure 2.

VAC BUS
SSPC -
¢ < :
> s
<
~
$ | Ac Lomo
¢

Figure 2. SSPC Block Diagram
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The

1)

2)

3)

4)

5)

6)
)

8)

design features are:

Electronic, remotely resettable circuit breaker capability that
indicates a Trip for load currents greater than 2 A.

Electronic control of the SCR switches. The maximum voltage drop,
including the sense resistor is 2.2 V rms.

The control input on/off signal is a nominal 5 V/0 V dec with a

maximum current of 3.3 mA.

SSPC turn-on at zero volts and turn-off at zero current is”pravided.

The SSPC has an optional 200 mA dc load capability.

The SSPC will operate either normally open or normally closed.

A 5 msec delay of the control input signal is provided to prevent
inadvertent turn-on/off of the SSPC by noise on the control input
line.

Turn-on/off of the SSPC is accomplished within 10 msec.

3.6 Aircraft Usage of 2 A PCs

The
and SSPCs

1)
2}
3)
4)
5)

2 A aircraft loads that are zmenable to mechanization by both EMPCs

are:

Single phase loads

0 to 200 mA dc loads
Three-phase loads with:
"ANDed” logic configurations

"ORed" logic configurations

Schematic representations of these mechanizations are shown in Figure 3

and 4.

3.7 EMPC and SSPC Circuit Characteristics

Before making a comparison between EMPC and SSPC characteristics, it is

necessary to list the weight, volume, power dissipation, and reliability of

the components of both PC types, since such features are an important aspect

of aircraft operation and availability.
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'AND'ed LOGIC
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Figure 4. Control Functions
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371

3.7.2

: Dissipation (2 A)

SSPC
ltem
Power Hybrid
Control Hybrid
Sense Resistor
Voltage Sense Resistor
Transformers

Total

Watts (maximum)
2.4
0.6
0.9
0.3
0.4

4.6

For comparison assume the allowed maximum: 5.5 W

EMPC
ltem
Circuit Breaker (Type 1)
Relay (V22A)
Driver (Type 1)

Total
Weight
SSPC
Item

1/4 Power Transformer
Hybrids
Miscellaneous Components

Total

0!
Fé
]

item
Relay (V22A)
Circuit Breaker (Type 1)
Driver (Type 1)

Total

15

Watts (maximum)
2.80

5.06
0.10
7.96

Weight (1b)
0.0U45
0.056

0.198

0.100
0.090
0.125
0.315




Packaging of the SSPC or EMPC circuits is assumed to be identical, i.e.,
on printed circuit boards plugged into an LRU Master Interconnect Board (MIB).
Therefore, the weight of the boards, the wiring between the MIB and LRU
interface connectors, the LRU chassis, etc. which is common to both the SSPC
or EMPC design is not needed to make a comparison between the two design
approaches. However, it should be noted that the weight of an SSPCA packaged
as described and containing 68 SSPC circuits is approximately 31 1lb, of which,
about 13.4 1b or 43 percent is contributed by the weight of the SSPC
electronic parts and 57 percent, or 17.6 1b, by the weight of the boards,

wiring between the MIB and LRU connectors, and the LRU chassis.

SSPC
Item Volume (Cubic Inches)
Power Hybrid 0.586
Control Hybrid 0.658
1/4 Power Transformer 0.492
Inductor 0.167
Capacitor 0.083
Resistor 0.079
Resistor 0.014
Inductor 0.018
Total 2.097
EMPC
ltem Volume (Cubic Inches)
Relay (V22a) 0.61
Circuit Breaker (Type 1) 1.34
Driver (Type 1) 1.43
Total 3.38

16




3.7.4 Reliability

SSPC

Iten Failures/10°%
Power Hybrid 0.4663
Control Hybrid 3.5
Fuse 0.1
Capacitor 0.114
Resistor 0.102
Transformers 0.047

Total 3.94
EMPC

Item Failures/10% pr
Circuit Breaker (Type 1) 14.90
Driver (Type 1) 7.14
Relay (V224) _4.20

Total 26.24

315 m i fE vs SSPC

The previous set of Power Controller characteristics are shown in Table 1

in order to make a comparison.

3«7+5:1 Discussion

The comparison between EMPCs and SSPCs indicates that the SSPC design is
superior to the EMPC configuration. Of particular advantage for an avionics
system is the higher reliability (almost double) and the lower weight, volume,
and power dissipation. Higher reliability means increased aircraft availabil-
ity. The small difference in weight and volume, when multiplied by the PC usage
number of 900, represents a desirable decrease in aircraft weight and space.
Lower power dissipation translates into less weight (smaller heat dissipators)

and decreased demand on the aircraft cooling supply.
The generation of less electromagnetic interference by switching with

full cycle on/off control plus the 5 msec noise filtering of the control input
are additional desirable operational features of the SSPC design.
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TABLE 1

COMPARISON OF EMPC VERSUS SSPC

Item EMPC SSPC Remarks
Response Time 25 msec 10 msec
Normally Open/Closed Yes Yes
Voltage Drop 1.4V 2.2 V
Remote Reset No Yes
EMI Suppression Fair Excellent Full cycle on/off
control
Power Dissipation 7.96 W 5.5 W
Weight 0.3 1b 0.2 1b
Volume 3.4 in.3 2.1 in.3
Reliability 26.2 Failures/ 3.9 Failures/
10® hr 10 hr
Inverse Trip Time Yes Yes
Trip Free Yes Yes
Control Input Filter No Yes
Fail Safe No Yes The SSPC is fused l

3.7.6 Power Control Assembly Design

3.7.6.1 Background

During the latter part of 1974, the Strategic Systems Division of
Rockwell International was engaged in the assembly of EMPCs for the Rockwell
International B-1 Division. During the fabrication cycle, Manufacturing
Engineering determined that a large amount of the assembly cost was in the

attachment and routing of interconnecting wiring.

Studies were conducted to determine designs that would reduce the amount
of wiring. The possibility of eliminating a significant portion of handwir-
ing, plus their suitability for printed circuit board packaging made SSPCs an

attractive candidate as the power controller design for Aircraft No. 5.

The following section describes the Aircraft No. 4 EMPCAs and SSPCAs
proposed for Aircraft No. 5.
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3.7.6.2 EMPCA Description

An EMPCA consists of circuit breakers mounted to the front panel of the
LRU and relay drivers and relays that are plugged into connectors. The connec-
tors are permanently mounted to fixed metal panels. Individual wires are used
to interconnect the circuit breakers, drivers, and relays together and to the

appropriate interface connector. Figure 5 shows a typical EMPCA.

Figure 5. Electromechanical Power Controller Assembly

3.7.6.3 SSPCA Description

An SSPCA consists of 15 identical AC Power Control Modules, a Status
module and a Logic module housed in an LRU. Figure 6 shows a typical SSPCA.

Interconnection between the interface connectors and the modules is made

via a printed circuit Master Interconnect Board.

Each AC Power Control module consists of four PC circuits rated at 2 A
rms. The four PCs on a given module are "hard-wired" to the same phase and
share the primary winding on the power transformer. From that point on, they
are completely separate, independent power controllers. Each circuit is capable
of operating either normally closed (switch ON when control input is zero
volts), or normally open (switch OFF when control input is zero volts). The
selection of normally open or normally closed mode is accomplished by external-
ly jumpering the NO/NC pin to the desired NO or NC pin on the appropriate SSPC

interface connector.
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1.62

Figure 6. Solid State Power Control Assembly

The Logic module supplies 16 independent circuits that logically com-
bines SSPC control signals in a configuration "AND" or "OR" where two or more

commands are required to sequence the same SSPC On or Off.

The Status module contains 26 separate and independent circuits that pro-

vide a switch closure under the control of a 5 V dec or 28 V dc input command.

3.7.6.4 Comparison of EMPCA vs SSPCA

Aircraft No. 4 contained EMPCAs of 24 different designs. Early trade
studies directed at reducing hardware life cycle costs and increasing aircraft
availability indicated in part, that a mix of 14 EMPCAs and 17 SSPCAs for
Aircraft No. 5 would reduce life cycle costs of power controllers by 105

million dollars, increase reliability from 24 hr Mean Time Between Failure
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to 68 hr and reduce weight, volume, and power required by 105 1lb, 6.78 cubic
feet and 2310 W respectively. Subsequent apportionment of PCs reduced the
number of SSPCAs required to 14 and the number of EMPCAs to 13.

The EMPCA and SSPCA designs described in the preceding section were the
result of numerous system trade-offs that assumed ground rules and conditions

that are no longer applicable.

To properly ccmpare EMPCAs and SSPCAs, a hypothetical equivalent EMPCA
design is defined here. It is assumed that both packaging designs are as

identical as possible, differing only where necessary:

1) Each EMPCA and SSPCA shall consist of 60 separate 2 A circuits
mounted on plug-in modules; for the EMPCA only, the circuit breakers
are mounted on the front panel.

2) The EMPCA is convection cooled; the SSPCA is conduction cooled.

3) Both assemblies use a MIB for interconnection to the interface.

4) The form factor of the assemblies can be optimized to suit the
particular assembly requirements; for example, the EMPCA would have
a larger front panel to mount the 60 circuit breakers than the
SSPCA.

5) Both the EMPCA and the SSPCA would be blind mated plug-in
assemblies.

6) An aircraft set would consist of 14 assemblies with a total of 840

PC circuits.
An analysis of the EMPCA and SSPCA configurations indicates that the
major difference in packaging between the two is the wiring of the circuit
breakers required in the EMPCA. Wiring the circuit breakers would add

approximately 2 1b and 130 cubic inches to the EMPCA.

A comparison of an SSPCA and an EMPCA is shown in Table 2.
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3.7.6.5 Discussion

The tabulated comparison of EMPCA vs SSPCA designs, indicates that the
SSPCA design is superior to the EMPCA configuration in all respects. Though

similar packaging methods are used for both designs, significant weight and

volume reductions are afforded by using solid state components.

The improvements in operation with respect to reliability, remote reset

capability, EMI suppression and immunity to noise is possible with SSPCs.

TABLE

2

COMPARISON OF EMPCA TO SSPCA (840 PCs)

Item SSPCA EMPCA

Weight Baseline SSPCA + 14 x 2 x 840 x 0.1
= SSPCA + 112 1b

Volume Baseline SSPCA + 14 x 130 + 840 x 1.3
= SSPCA + 9 cu ft

Power Dissipation 4620 W 6686 W

Reliability (MTBF) 302 hr U5 hr

Control Input Filter Yes No

Remote Reset Yes No

EMI Suppression Excellent Fair (See para. 3.7.6.5)
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The relay in an EMPC circuit applies or removes power to its aircraft
load in a random point of the current cycle. Thus on the next turn-on, power
may be applied to a saturated inductive load, drawing large amounts of in-rush
current and causing a corresponding high level of electromagnetic interfer-
ence. Since the SSPC turns off nominally at zero load current under full
cycle control, power will always be applied to an unsaturated load, and the
generation of this type of electromagnetic interference is significantly
reduced. The SSPC turns on when the bus voltage is nominally zero; thus, when
turning on into a load that requires a finite time to go from a low resistance
to a higher resistance, such as lamp filaments, the voltage is applied gradual-
ly (sinusoidal, zero to maximum) rather than, possibly maximum, as could be
the case with a relay. Thus, less electromagnetic interference would be

produced with the SSPC circuit.

Though not discussed in detail here (see Appendix B for details), the
moderately higher initial costs of solid state components should be more than
offset by the cost of wiring and/or replacing the circuit breakers, the cost
to the avionics system of providing more power, weight, and volume for the
EMPCAs and the increased life cycle costs and decreased aircraft availability
due to the higher EMPCA failure rate.
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SECTION IV
SSPC DESIGN

4.1 Power Controller Design Objective

The objective of the Strategic Systems Division Power Controller design
was to provide PCs at lower cost than EMPCs but with equal or improved

functional characteristics.

The details of how these design objectives were met is presented in the

following subsection.

4.2 SSPC Design

Studies to reduce the cost of the B-1 Aircraft were conducted by the
Rockwell International B-1 Division with assistance from the Strategic Systems
Division. The assistance centered on consideration of a combined Central Inte-
grated Test System/Electrical Multiplexing (CITS/EMUX) redesign. A signifi-
cant discovery during the study was that the actual usage and mechanizations
of the EMUX-PCA interfaces could be modified and appeared to offer consider-
able cost savings. One basic requirement for this approach was that suffi-
cient volume be available to provide common housing for the PCAs and EMUX
hardware. The use of solid state PCs along with PCA repackaging was proposed

to provide the needed volume.

Simultaneously, studies of the number and current capacity of the PCs in
the B-1 were being conducted as a part of the EMUX-PCA combination study pro-
posal and it was noted that a large portion of the B-1 PC circuits were used
for less than 300 mA (see Figure 7). The studies are documented in Volume III
of Rockwell International report NA-T4-887 and indicated that the solid state
low amperage circuits could be mounted on printed circuit modules and inter-
connected using printed circuit techniques. This method would reduce the hand-
wiring significantly since it uses batch process wiring without the need for
panel mounted circuit breakers; the circuit breaker function is integral to a
SSPC.
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The application of SSPCs to B-1 requirements revealed that several

additional changes should be included as follows:

1) Control Voltage Threshold Detection - to turn on at >3 V and turn
off at <2 V. This change would reduce the drain on the EMUX power
supplies.

2) Full Cycle Control - to turn on at zero voltage crossing and turn
off at zero current crossing with the same slope. It was highly
desirable to reduce the level of electromagnetic interference on the
aircraft.

3) Control Voltage Pulsewidth Detection - to ignore control signals
that change state for less than 5 msec. The actual time of 5 msec
was arbitrarily selected as two cycles of the primary power (400 Hz)
and longer than the maximum expected duration of a noise pulse.

4) The SSPC should operate either as a normally open (the usual mode)
or as a normally closed switch.

5) One SSPC circuit failure could result in only the failure of that
particular SSPC; i.e., a circuit configuration that included a DC
power supply common to a set of SSPCs could not be used, since its

failure would cause additional circuit failures.

4.3 SSPC - Brief Description

The Strategic Systems Division SSPC is a remotely resettable pair of SCR
switches with an internally derived circuit breaker capability. Two hybrids,
the Control Hybrid and the Power Hybrid, contain the majority of the circuitry
required to mechanize the SSPC. A block diagram of an SSPC is shown in
Figure 8.
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The Control Input circuit requires a 3 to 6 V dec level when the SSPC is
required to be turned ON and 0 to 2 V for the OFF state (the normally closed
mode is the opposite). If the control input is at the nominal 5 V level for
25 msec and the Zero Voltage Crossing circuit detects a zero voltage crossing,
the Monolithic timing and control integrated circuit chip (Monolithic) enables
the 50 kHz drive to the SCRs in the Power Hybrid, applying 230 V, 400 Hz power
to the load.

The load current and voltage levels are sensed via their respective
resistors and evaluated by the Monolithic. The Monolithic issues a Status
true signal when a voltage >160 V ac is applied to the load and a Trip signal
when the Monolithic's Analog-to-Digital Converter determines that an
overcurrent condition exists. The Monolithic simultaneously turns off the

drive to the SCR switches when an overcurrent condition is detected.

Normal SSPC turn off occurs when the zero current crossing circuit in
the Monolithic detects zero load current and a 0 to 2 V control input. Normal

turn on and turn off occurs on opposite 400 Hz power half cycles.

A fuse that opens at overcurrents between the SSPC Trip levels and the
aircraft wiring damage points is in series with the switch as a fail-safe

element.

4.4 Control Input Threshold Detector

At SSPC power turn on, the Monolithic drives transistor Q7 at a 100 kHz
rate, which in turn applies 12 V, 100 kHz pulses across the primary of trans-
former T4 (refer to Figure 8). When the Control Input circuitry receives a +3
to +6 V de level command from EMUX, the SSPC is required to turn ON. This
voltage input will cause transistor Q6 to turn on, short circuiting the
transfer of energy from the primary of transformer T4 to the secondary. This
causes the voltage at pin 9 of the Monolithic to be low (0 to 6 V). The
Monolithic will turn on the drive to the SCRs turning the SSPC on.
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When the SSPC is commanded OFF (0 to 2 V dec), transistor Q6 opens and
the energy from the Q7 winding of T4 is coupled to the rectifier connected to
the secondary winding connected to pin 9. The rectifier output voltage at pin
9 will be from 9 to 12 V (CONTROL P high) and the Monolithic will turn off the
drive to the SCRs, turning the SSPC off.

The Threshold Detector must turn on the svitch control circuitry when
the control input signal is 2.5 + 0.5 V dc, operate over a temperature range
from -55 to 75°C, not require more than 3.3 mA drive at 6 V dc, and provide
greater than 1000 V of electrical isolation between the control input
circuitry and the 230 V sections. The component part temperatures range from
-55 to 125°C.

These stringent requirements were solved by a unique combination of

bipolar, JFeT, and transformer coupled circuitry. Refer to Figure 9.
A worst-case analysis of the Threshold Detector circuit must show that:

1) QU is ON when 2.0 < E,_ < 3.0V
2) At E =6.0V,]1

Assume the following set of parameters:

1) Component temperatures: =55 to 125°C

2) Minimum 8 at -55°C and specified total dose and neutron exposure:
23 for 2N2907A
26 for 2N2222A

3) Base-to-Emitter Voltages:

VeEQ2 0.5365 V at 25°C
Vggq:r = 0.545 V at 25°C
- o
Vepq2 * 3.1 mV/°C

o
8Vppqr = 2.1 mV/°C

28




Rl = 30.9 K + 1%

i 03 YRz 04
s s . V2 (2n2907) 2 (2N22224) R2 = Selected =
: R3 i3 R3 = 120 @ + 5%
RL S b EE R4 = 5.1 K + 1%
RS = 10 K + 1%
vl CR3 Z1 = LM 113
o e
(2N2222A()u\L i ?iumm Q2 = 2N2222A
v, Q3 = 2N2907A
R2 t 110 Q4 = 2N2222A
a CR1 = CR100
PR . CR2 = CR100
CR3 = 1N4153

Figure 9. Threshold Detector Circuit

4.4.1 Q4 Turn On

The maximum collector current that transistor Q4 is required to "sink"
is 10.0 mA. Transistor Q4, a 2N2222A, will therefore be turned on with a base

10
current of i, = i, = __ = 0.38 mA. CR2 will limit i, to 1 mA; i, will
b* % = 9 7
therefore be between 0.9 and 1.0 mA, well in excess of transistor Q4 turn on

requirements.

The worst-case analysis will show that the Threshold Detector circuit
will supply a minimum of 0.9 mA to transistor Q4 when the Control Input
voltage is 3 V. (Refer again to Figure 9.)

Resistor R2 is trimmed at the Control Hybrid assembly level so that
transistor Q4 is on at E, = 2.5V at 25°. The measured average magnitudes

of resistor R2 has been found to be 53.6 K. At -55°C:

9
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v

1

= ¥

Ein = 3.0
AR1 = =309 @
AR2 = =536 @

AV3 = +0.0122

AVBEQ1 = +0.210 V
AVBEQZ = +0.248 V
7 * VBEQ2 + AVZ + AVBEQ1 = 1.9781 V
i1 = 33.4 pA
Vi -V
1, = 33.4 uA - BEQT - 10.36 ,a
R2
i = 10.36 Q2 min = 269 A
0% VCEQZ increases at a rate of -2 mV/°C:
V3 = 1.5559 + AvCEQz + vX

V3 1.7681

Assume 13 - 19 = 1 mA (maximum)

"
[

Then i

5 + i, +1i. = 2,269 mA

and V2 = E,_ - i, R3 = 2.728 ¥

(s
"

BQ3 18 min = 4.23 mA
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Since 4.23 mA is much greater than the 0.9 mA required, transistor QY
will be turned on at -55¢°C.

4.4.2 Q4 Turp Off

It remains to be shown that transistor Q4 will be off at Ein =z 2.0 V and

+125°C:
Ej = 2.0V
Wpeqq = =0-210 V
Nppge = =0-310 V

AVZ = -0.0122 V

AR1 +309 @
AR2 +340 @
V1 VZ + VBEQ2 + GVZ + AVBEQ1 = 1.435 V
i1 11 pA
Vv, -V
o 1TOBEQL | g
53.6 K
= 11 4A - 20 4A = -9 A

Therefore transistor Q2 (and subsequently transistors Q3 and Q4) will not turn

on. The SSPC will be off at Vin = 2.0 V and +125°C.
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4.4.3 EMUX Current Drain

The maximum current drain on EMUX must not exceed 3.3 mA at Ein = 6.0 V:

”

+ i

The total current I = i1 + i 3

+ i, where E,_ = 6.0 V at +125°C
2 y in

. - VRl _ Pin " VBEQ2 min ~ Vz_ 6.0 - 0.177 - 1.21
1w RT_. 30.6 K
min

= 0.151 mA

i, = 1.1 mA + (-0.075%/°C) (100°%) ‘-1 ™ - 1,018 ma

3 100
E. - 3.0 mA (120) - V = 2N
i8 " XEE»= in EBQ3 min CEQ2 min Z. 0.798 mA
RY RU
’ o oo ot mk
i, = 1.1 mA + (-0.075%/°C) (100°C) = 1.018 mA
9 100
(B,. = VR, = (V EOVE)
fie VR6 _ "in 3 e R s it o
R6 R6
i = 0.151 + 2(1.018) + 0.798 + 0.211
max
imax = 3.196 mA at Ein = 6.0V

The maximum EMUX current drain does not exceed 3.3 mA.

4.5 M lithic Timi { Control Ci i
4.5.1 Background

The circuit element that provides the timing and control functions of
the SSPC is a digital integrator and controller designated the Monolithic

Timing and Control Integrated Circuit or Monolithic.
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The initial SSPC designs proposed by Strategic Systems Division used an
analog approach. As the study progressed, the number and size of the
functions (or the capability to trip at the same time for a fixed overload)
was difficult to maintain without the use of precision capacitors relatively
large in size. The increased capacitor size spurred studies into a hybrid
mechanization of the control circuit but the large number of parts made it
costly. Further cost reduction efforts initiated investigation of integrated
circuit mechanizations. The first mechanizations used three integrated
circuits for digital control, analog trip timing, and zero crossing detectors.

However, due to the growing size, stability problems, and nuclear radiation
hardness requirements of the analog mechanization, a digital integrator
approach was conceived. The digital approach was more promising because it
permitted all of the control and trip electronics to be built as a single
integrated circuit, thus providing small size with improved reliability. The
device could be made as a CMOS using SOS. The use of CMOS on SOS, with its
dielectric isolation, provides additional capability to meet the B-1 hardness

criteria.

4.5.2 Monolithic Circuit Design

The primary use of the Monolithic is to provide full cycle control of ac
power being delivered to an electrical load. This full cycle control is
provided by driving a solid state pass element, the SCRs, beginning with the
line Zero Voltage Crossing (ZVC) at zero V ac and ending with a complete cycle
of the load current at Zero Current Crossing (ZIC) (See Figure 10). While the
solid state pass element is on, the Monolithic monitors the load current
through the pass element and computes a turn off point (Trip Time) for every
value of load current in excess of 110 percent of the rated current. When the
load current exceeds the rated current by more than 110 percent for longer
than the computed trip time, the drive to the solid state pass element is extin-
guished without regard to ZIC. A characteristic curve, Figure 11, shows the
time allotted before trip or shut down as a function of a load current for a
2 A rated SSPC. Full cycle control is accomplished by timing the enabling and
disabling of complementary drive outputs through which the SCRs can be turned

on and off.
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The Monolithic contains the following analog and digital circuits:

Analog Digital

ADC Comparator Up/Down Counter

Gain of 20 Amplifier Shift Register

Comparator ZIC Arithmetic Unit Accumulator
R-2R Ladder Timer 5 msec and 2.5 msec
Switches Mode Control

Comparator Voltage/Status 200 kHz Oscillator

Clock Divider

STAOT Status Logic

Unique to the Monolithic is the ability to combine LSI digital computing
and analog signal processing on a single Monolithic CMOS/SOS integrated cir-
cuit. The analog signal processing includes conversion from analog to digital
with a tracking type or counting converter as well as large (circa + 5 V) and
small (circa + 50 mV) signal threshold detection circuits with sufficient hys-
teresis incorporated to eliminate any crossover jitter problems. A block

diagram of the Monolithic is shown in Figure 12.

4.5.2.1 Analog-to-Digital Converter (ADC)

The ADC consists of an Analog Comparator, an R-2R resistor ladder, seven
analog ladder driver switches, a seven stage Up-Down Counter, a six bit recy-
cling shift register and logic to approximate the absolute value of the shift
register output.

—o| | walr rom zm0 o
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Figure 10. SSPC On-Off Control
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Figure 11. Rated Current versus Trip Time

Figure 12 shows the interconnection of each of the components of the
ADC. The ADC tracks the voltage applied to the Sense Input and provides a

serial output (I) that represents the absolute value of the Sense Input.

In the comparator, decisions are made as to the magnitude of the Sense
Input compared to the output of the R-2R Ladder Network. The comparator then
commands the Up-Down Counter to increase or decrease its binary count (and
therefore, the output of the ladder) until the two are within the resolution

(+1 bit) tolerance.

Under control of the Shift Load Control (SHLF), the magnitude of the
Up-Down Counter is transferred to the Parallel-to-Serial Register (Shift

Register) while the sign bit is transferred to a separate flip-flop. When the
Shift Register is not loading, it is continuously shifting the least signifi-
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cant bit first into an exclusive OR gate and then back into its most
significant bit end. The exclusive OR of the data and the sign provides a
serial output that approximates the absolute value of the ADC output.

An unusual feature of the gate input on the CMOS/SOS analog comparator
is that it can swing above and below the supply levels owing to the isolation
of the input gate oxide and the dielectric prcvided by the sapphire. Also the
protection circuit will afford +17 V before zener action of the overvoltage
protection diodes begins. Consequently, fault surges will not damage the
comparator (Sense) input or the low level current input (VS2 STATI) of the
gain of 20 amplifier.

The ADC speed is limited by the settling time of the R-2R Ladder Network
and the response of the comparator circuit. As previously mentioned, the
sapphire affords minimum parasitic capacitance so other device circuit

constraints will not be required to enhance speed.

Two unique circuit features in the ADC allow optimum speed-power design

trade-offs.

The first feature is the depletion mode N-channel Field Effect
Tran istors (FETs) in the second level gain stage of the comparator. This
provides the large voltage gain required tc obtain 80 dB gain into the
amplifier output.

The second feature of the ADC is the delay stage, which prevents the
large P-channel switch from turning on until the N-channel switch is turned
off. A significant power saving results by eliminating the dc path created in
normal large inverter switches when both FETs are simultaneously in their
linear region of operation. Also, by eliminating the resultant current spike,
a higher impedance reference filter may be used in the Monolithic.

Scaling of the ADC is such that "plus full scale" is +6 V and "minus

full scale" is 0 V. The resolution or value of the least significant bit is
3/64 V. Any sense input equal to or greater than +6 V or less than or equal

to 0 V will cause a Fast Trip.
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4.5.2.2 Mode Control

Figure 13 is a logic flow diagram that illustrates the sequence of
operations that occur and are controlled by the Mode Control in the
Monolithie. The major functions are Turn On, Turn Off, Timed Trip, Fast Trip
and Reset After Trip.

4.5.2.2.1 Turpn On. When primary power is applied to the SSPC, all mode
controls and counters in the Monolithic circuit are reset to a Ready or
Standby mode. Once in a Ready mode, the circuit will continuously monitor C
and ZVC. The term C is developed in the Monolithic as an exclusive OR of

Control P and NO/NC.

Without a jumper at the SSPC external interface between the NO/NC pin
and the SSPC reference ground, the NO/NC term is a logic 1 and the SSPC

operates as a normally open switch.

With a jumper between the NO/NC pin and SSPC reference ground, the NO/NC

term is a logic 0 and the SSPC operates as a normally closed switch.

Control P is the logic inverse of the SSPC Control Input. The following
truth table describes the relationship between the terms Control Input,

Control P, NO/NC, and C.

Control Input Control P NO/NC c
1 0 0 0
0 1 0 1
1 0 1 1
0 1 1 0

C = 1, Turns on drive lines in prescribed sequence
C = 0, Turns off drive lines in prescribed sequence
NO/NC = 1, Normally open switch
NO/NC = 0, Normally closed switch
3-6 V de
Control Input = O, Input voltage = 0-2 V dc

Control Input = 1, Input voltage
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Continuing the Turn On sequence (refer to Figure 13), if C is detected
as being a logical true, a 5 msec timer is started and continuously compared
with C to assure that C remains true for a full 5 msec. After 5 msec have
elasped with the C term remaining true, the next negative-going (ZVC) causes
the Drive outputs to be enabled, turning the SSPC on. With the Drive outputs
on, three alternate operating modes are possible. These are:

(1) Fast Trip, indicated by I > I,
(2) Timed Trip
(3) Normal turn off, by removal of the C term

4.5.2.2.2 Fast Trip. Once the Drive outputs are on, the instantaneous sensed
values of the current (I) being delivered to the electrical load are compared
to a constant 11, where I, represents a catastrophic overcurrent situation.

If I1 is exceeded, the Drive outputs are immediately disabled and a trip
output is generated (Fast Trip).

4.5.2.2.3 Timed Trip. The magnitude of the load current, I, is measured and
compared to 12, a digital constant that represents the minimum current value
that will be accepted and added to the accumulator. The accumulator will add
values of I that are equal to or greater than I, and will subtract values of I
that are less than I2. The value of 12 is set at 22 plus 20 (5 counts). When
the input is sinusoidal and has an rms value greater than or equal to

L volts, and a dc offset of +3 V, the accumulated sum (or contents)
64 (2 sin 60°)

will increase. When the input signal is less than e volts rms and

64 (2 sin 60°)
a dc offset of +3 V, the accumulated sum (or accumulator contents) will be

less at the end of a cycle than it was at the beginning of the cycle.

When the accumulator contents are 221u, the current vs time relationship
shown in Figure 11 has been satisfied and a Time Trip output is generated.
This will cause the Drive outputs to be disabled and a Trip output to be

generated.
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After entering the tripped state via Fast Trip or by Timed Trip, the
Monolithiec ecircuit must remain in this tripped state and the Trip output must
remain true until the C term has been removed. If C is removed, a 5 msec
timer is started and continuously compared with C to assure that C remains
removed for the full 5 msec. When this is completed, the Trip output is
reset, and all mode controls and cdbunters are reset, returning the circuit to

the Ready mode.

4.5.2.2.4 Turn Off. To prevent the large in-rush currents involved with
saturated magnetic loads, and the subsequent generation of large amounts of
electromagnetic interference, it is required that the ac line voltage be
disconnected from the load when the load current is 0 + 50 mA, with a positive
slope. When C is removed, the 5 msec timing sequence starts. Upon completion,
the mode control logic begins to look for a negative half-cycle of the load
current. The ZIC signal is true during the negative half-cycle and false
during the positive half cycle of the load current. When the 5 msec timing
sequence is completed, the mode control logic will look for a false ZIC and
simultaneously start a 2.5 msec timing sequence (one full cycle of this load
current). When the ZIC signal goes from false to true or when the 2.5 msec
timing sequence is completed, the Drive outputs are turned off. When the
Drive outputs are turned off, all mode controls and counters are reset,

returning the Monolithic to the Ready mode.

4.5.2.2.5 Reset After Trip. After entering the tripped state via Fast Trip
or by Timed Trip, the Monolithic circuit must remain in the tripped state and
the Trip output must remain true until the C term has been removed. If C is
removed (false), the 5 msec timer is started and continuously compared with C
to assure that C remains false for the full 5 msec. When this sequence is
completed the Trip output is set to low (false) and all mode controls and

counters are reset, returning the circuit to the Ready mode.

4.5.2.3 Digital Filter and Trip Time Computations
It is convenient to think of the digital filter structure as specifying

a hardware configuration made up of a shift and an arithmetic and control

unit. Refer to Figure 14,
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Realization of a\digital filter requires that past values of the output,
input, and intermediate sequences be available. This implies a means of delay
or storage which, in the Monolithic, has been accomplished by the shift
register operating in a recirculating mode. This shift register is inhibited
from recirculating when the ADC Up-Down Counter is parallel loaded into the
Shift Register every 200 Hsec. Two Shift Registers and Arithmetic Logic are
used to mechanize the Digital Filter. The I Shift Register is described
in the ADC section of this report and is loaded from the ADC Up-Down Coiater

at the last bit time of the machine cycle.

Shift Time Action

T1 to T6 L = 12

T7 to TZO If > IZ, A+ T

EE E < 12 and No Ones, A - I
Any Ones
MSB LSB Sign
‘ ‘ = 1l
- : Accumulator
I shift Register : |I I Shift Register
+
| l¢— 12
Multiplexer .
le——— ———

Figure 14. Digital Filter

The I register (6 bits in length) continuously recirculates for the
entire 20 bit cycle. The first 6 bit times after the load ('I‘1 - T6) are used
to subtract 12 from I. 1If; at T6’ the carry logic is zero then I < 12 and
subtraction for the next 14 bit times may be in order. The value of the
Accumulator is checked for 1s in the 11 most significant bits. If the
Accumulator contains a value larger than 23 in the upper bits positions) the I
value is subtracted from the Accumulator and the result put in the Accumulator
during bit times 7 through 20. The subtraction process allows the Accumulator

to decay to a near zero level if an overload occurs and then disappears.
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If, at the end of T6, the carry logic is true, the I 2_12 addition is in
order, and I, plus the Accumulator contents are stored in the Accumulator. If
at the end of TZO’ the carry logic is true, then the Accumulator has
overflowed and the trip sequence is started. The results of the 20 bit shift
in a 6 bit shift register are not to be used during the last 8 bit times and

the odd shift pulses do not upset the computations.

4.5.2.4 Status

The Status mechanization uses both linear and digital techniques in the
Monolithic. The VSO input is used as representative of the load voltage and
is compared with the line voltage to indicate that a full wave of voltage is
applied to the load. The VSO input is applied to the input of a Comparator
circuit (see Figure 12) that employs hysteresis. When Output S is high
(+#12 V), VSO must go to -5 V before S will be low (0 V). When S is low, VSO
must go to +5 V before S is high. The S term thus provides a square wave at
the line voltage frequency. A phase relationship between ZVC and S is pro-
vided because ZVC switches at zero line voltage and S switches at near peak

load voltage.

The phase relationship between ZVC and S is used to verify that both
half cycles of the load voltage are present and are at the proper amplitude.
The Status logic compares the S term with ZVC. If S is always true (high)
when ZVC goes from high to low and S is always false (low) when ZVC goes from
low to high, then full wave power is applied to the load and the Status output
(STAOT) will be true. If S does not toggle due to improper load voltage
amplitude or half cycling of the load voltage, the Status output will be
false. Note that the Status output is in no way related to the Control Input
command or the mode control. Therefore a shorted switch or a failure of the
ac output to switch will be indicated by the state of the Status output with
respect to the Control Input command. This provides a form of built-in

diagnostic testing.
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4.5.2.5 Zero Current Crossing (ZIC)

The VS2 (STATI) input, a voltage that is proportional to instantaneous
load current, is amplified with the chopped stabilized X20 Amplifier and the
result is compared to a reference. The reference changes in value with the
results of the comparison (See Figure 12). When the output (ZIC) is 0 V
(logic zero), the input (VS2) must go more negative than -16 mV before the
output will switch to positive 12 V (logic 1). When the output is at +12 V
(logic 1) the input must go more positive than -15 mV before the output will
switeh back to 0 V (logic 0). The ZIC term is used in the control logic as a

condition for turn off of the pass elements for ac power control.

4.6 Switch Drive Circuit

The SSPC uses a JFET across the SCR gate to cathode to provide a low
resistance path for SCR leakage when the SCRs are off, preventing inadvertent
turn on at high temperatures. Since the JFETs are off when gate drive is

applied, the power loss is small.

A 50 kHz pulse train (or 50 percent duty cycle) from the Monolithic

provides gate drive at 50 percent of the power required by dc drive methods.

4.6.1 Monolithic Drive Qutput

The drive signals from the Monolithic are complementary 50 kHz rectan-
gular outputs when enabled, each having a capability of 3 mA peak. Refer to
Figure 15. It must be established that there is enough gain in the 2N2222A
transistors to sink the worst-case transformer primary currents and still

remain in saturation.
Worst-case analysis of the 2N2222A, including total dose effects,
neutron effects, and a temperature of -55°C, show the degraded gain to be 8 =

26.0. This would allow a maximum collector current of:

I, = BIB = 26.0 (3 mA) = 78.0 mA
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Figure 15. Monolithic Drive Output

45




Worst-case collector currents (see next section for gate drive
requirements) were calculated to be 77 mA, indicating that drive would be

maintained.

4.6.1.1 SCR Gate Drive Currents

The drive currents to the SCR switches must be sufficient to turn the
switches on over a wide range of operating conditions (see Figure 16).
Operation at 125‘% with worst-case circuit parameters and at -55‘b after
exposure to neutron radiation are the two limiting conditions. The analysis
below will show that the required amount of gate drive current is available

for the latter two operating modes.

o

Switch Turn on at 125 C

The worst-case circuit parameters at 125‘% are:

Vodiiase ¥ R ¥
Vert min 5998 ¥
VGK ity = 0.34 V

Bl .. =28.5 8

min

Calculating the maximum drive current required:

VCT(NS1/NP) -V

CR1min ~ VGKmin
3 =
Gmax

)14
min

IGmax

115 mA
The current required in the primary is:

I, (118) 2 2 . mp

ki 72

Since the 2N2222As supply 78 mA, sufficient gate drive current is

available at 125°C and worst-case circuit parameters.
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3 mA

R1
R2
R3

SCR

CR1
NS1 = 24
Q10
+12 V CR2
2 c2
Q11 &
CR3
= 30 0 + 5% CR1, CR2, CR3 = 1N4150 C3 = 0.01 uF + 10%
= 12 K + 5% Cl = 0.1 uF + 10% Ql = E107 JFET
= 120 @ + 5% C2 = 3300 pF + 10% Q9, Q10 = 2N2222
Figure 16. 1/2 SCR Gate Drive Circuit
5 -! ! I Q ! _550g

The worst-case circuit parameters are:

VeTmin
\'

CR 1max
VGKmax
R1

max

IGTmin

= 111

1.0V

1.3 V after exposure to neutron radiation
31.5 @

35 mA

v

The minimum drive current available is:

Gmin

Rimin

max
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VeTmin (NS1/NP) - Verimax =~ YoEmax

R1
max

Gmin

IGmin = 47 mA

. o
Since I, . > IiTmin® the SCRs will turn on at -55 C after exposure to neutron

radiation.

4.7 Trip and Status Indication

The Trip and Status indicators are mechanized with identical circuits:

: Monolithic
Q2 I
: 100 kHz
R1 = 120 %+ 5%
R2 = 1K + 1%
R3 = 10K + 1%
R4 = 1.5K + 1%
C1 = 0.1 VF + 10%
CR1 = 1N4153
Q1,2 = 2N2222A
VR1 = 33V

Figure 17. Trip or Status Indicator Circuit
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When the SSPC is On and the Trip or Status input is interrogated with < 10 mA,
Ein must be £ 1.5 V dec; when OFF, Iin must be < 0.1 mA at £ 30 V de.

The question to be answered: does Q1 have the capability to sink 10 mA
with a maximum Ein of 1.5 V? The functional question is: does T4 have the
capability to couple enough energy to C1 tc maintain sufficient current, I

BQ1’
to keep Q1 on? An equivalent circuit is shown in Figure 18.

CR1
?
R2
§ R3 G g
[ ]
VBEQL

Figure 18. Trip or Status Indicator - Equivalent Circuit

To maintain ICQ1 = 10 mA, IBQ1 should be >0.4 mA; use 1.0 mA.
Therefore, VR2 min = (1 mA) (1.0 K) = 1.0 V. Assuming C1 can be charged to
some value like (1.0 V + VBEQ1)’ the hie of transistor Q1 will dictate the

discharge time constant, where hie = 500 . The equivalent resistance is:

R = R + hie in parallel with R

eq 2min 3min

"

990 + _500 = 1.295 K

=5 9900
chin = 1.0 V + VBEQ1 max e 1-7 ')
Vewy = Voe) = Vqe =t
eq

where Req C= 1.66 x 10'“ sec

Assuming a short flyback discharge and a maximum period time
t = 10 usec and V1 = 1.852 V
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The delta energy (AEC1) is the minimum energy that transformer T, has to

supply:
2 = .2
\'} e
i Cmin 5 43 x 1078 Joules
€1 i~ T =
2
8 IIRE Wt
3 R4 max
where
R4 max = 1.485 K
t = 5 usec
L
| e IR
R4
then

ILmin = 7.67 mA.

Therefore, the energy ETM’ supplied by transformer Tu is:

E = 1/2 Li% = 2.94 x 10~ Joules

T4

Since Ej) > ) the voltage on C1 will be maintained.

€1’

The number of cycles to charge C1 to 1.852 V is:

=7
B s 1.543 x 10 = 30 cycles

2.94 x 10’8 - 2.43 x 10‘8

4.8 Zero Voltage Crossing Detector (ZVC)

The zero voltage crossing detector provides the proper timing to the
Monolithic for the SSPC turn on sequence. The circuit shown in Figure 19 is

used as the ZVC detector.

50




+12 V
- Rl, R2 = 5.1 K + 1%
R3 = 62 K + 1%
VPl  CR1 R1 CRL = IN4148
gt Ql = 2N2222A

3l
l R2

Figure 19. Zero Voltage Detector Circuit

The timing is to be such that turn on of the SSPC must be within +32 V

of the actual zero crossing. The equivalent time from zero crossing is
v(t) = VP sin 27f

where

V, = line voltage = 160 to 300 V rms

=
"n

400 + 22 Hz

Solving for t, the worst-case condition is at 300 V ac and f = 422 Hz.

Therefore, t = 28 usec minimum.

The voltage VP1 is 180 deg out of phase with the line voltage. Thus, as
a positive VP1 approaches zero, transistor Q1 will turn OFF, ZVC will go high,
anticipating the positive going zero crossing of the line voltage. The time

required to produce ZVC for a 300 V line voltage is:

1 =1 | Plmin * Ropax ‘

NG —— VBEQ1 min)

cr
'
7]
-
=]

max VP1 max

51

s e e rer—




where

Upay = 844 =«
Vpipay = 3009 - 0.4 = 29.69 V
R1p, = 5049 @
R2,,, = 5151 @
VeEQimin = 0-35 V at 125°C
Veoimin = -4 V at 125°C

tZVC = 8.8 usec

The time required by the SSPC to turn on, once the ZVC signal is

received is

Con = ta * Torr * YscR
where
td = maximum decision time for the Monolithic
td = 11.11 usec (one clock cycle)
toff = time to turn gate to cathode JFET off
tSCR = turn on time of the SCR
torr * Yser = 5.55 usec maximum

This makes the maximum turn on time after receiving ZVC

t
on

11.11 + 5.55 = 16.66 usec
The SSPC turn on time will occur at
t = 16.66 - 8.8 = 7.86 usec
This time represents a voltage of +8.8 V, well inside the 32 V

requirement. Calculations for SSPC turn on for a 160 V line indicate turn on

at 0.82 usec after zero crossing, well within requirements. For the case

where tzvc is at maximum and ton a minimum, the SSPC anticipates the line

voltage zero crossing by 22 V, again within requirements.
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4.9 SSPC Voltage Drop

The worst-case voltage drop across the SSPC power switch section is lim-
ited to 2.2 V rms. The voltage drop is required to include the resistance of
the interconnections to the SSPCA interface. The maximum drop occurs at 125°C:

vV = IRMS [4 (R connectors) + 2 R wire + R fuse + R sense] max + Vscr

where the maximums are:

R connectors = 0.0338 @
R wire = 0.101 @ (interface to SSPC connector)
R fuse = 0.113 @
R sense = 0.2306 @
VSCR L 0.915 (pre-neutron)
V = 2.15 V (pre-neutron) and 2.54 V (post-neutron)

The SSPC voltage drop is less than 2.2 V for normal worst-case operating
conditions, but is exceeded by 0.34 V after exposure to neutron radiation.
However, the switch will continue to operate within all other specified

requirements.

4,10 Fuse

The B-1 Aircraft specification requires that each SSPC contain the fail-
safe feature of a fuse in the event that the trip circuit fails to perform its
intended function during an overload condition. The fuse is required to open
within the limits shown in Figure 20 and cannot be a source of ignition, show
mechanical failure, or become a source of debris. Additional performance

requirements are:

1) Voltage: 160 to 300 V rms, U400 Hz
2) Temperature: =55 to 100°C
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MAX, FUSE CLEARING TIME

MINIMUM, FUSE CLEARING TIME

RMS CURRENT (AMPERES)

MUST NOT TRIP

10
: \ N
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5
4
3

2 F & 5878 2 )3 4 546789 £) 3 4 56789 2 } 4 56789 2 3 4 56789

0.001 0.01 0.1 1 10 100
TRIP TIME (SECONDS)

Figure 20. Fuse Current Time Requirements

4.10.1 Fuse Development

" When the fuse development effort was initiated, surveys indicated that a
fuse with the particular current clearing time (or opening time) required was
not available. It was further noted that previous work on developing fuses

for a similar application and similar requirements had been unsuccessful.

As can be seen in Figure 21, developing a fuse to the B-1 SSPC

requirements requires an increase in the slope of a conventional fuse.
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Conventional Fuse q

New Requirement

Log Current

Log Clearing Time — =

Figure 21. Fuse Slope Characteristics

The reason for the shallowness of the slope of the conventional fuse
curve is that sand, which is used to quench the arc at high currents, serves
as a good heat conductor and slows down the fuse clearing time at low currents
since it expedites heat removal from the fuse element and prevents its

reaching fusion temperatures.

The fuse concept described here is a dual-element fuse which physically
separates the fuse element sections which control fuse clearing times at
different current ranges, e.g., the high current controlling section of the
fuse is isolated and surrounded by an appropriate filler such as sand to
quench the arcing which is symptomatic of high current fuse blowing. The low
current controlling section of the fuse which is heavily affected by the heat
conductivity of its environment would also be isolated and surrounded by a

suitably conducting substance, see Figure 22.

If the low current clearing times need to be speeded up, the surrounding
material could be a gas such as air which would minimize heat loss. More of
the electrical energy converted into heat would be retained and used to heat

and melt the fuse element thus speeding up the time for the fuse to clear.
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Other design features which contribute toward a steeper log current-log

clearing time curve are as follows:

1)

2)

3)

Pleated Fuse Element - Pleating permits a greater length of element
to be positioned within the fuse éhamber. This is advantageous
because at low currents, the hottest area of the fuse element is at
the middle section of its length because it is the farthest removed
from the end caps which act as cooling heat sinks. Lengthening the
fuse element increases the path length and resistance for heat to

flow from the hot areas to the heat sinks.

Fusible (Tin) Alloy on Element - A few (approximately 12) milligrams
of 95 percent tin, 5 percent silver alloy were fused in the middle
area of the fuse element length. It was discovered experimentally
during the program that this expedited the fusion time at low
currents. It is hypothesized that the heating rate is increased in
regions where tin-silver has diffused into the copper because in
these regions the electrical resistivity has increased, and the
thermal conductivity has decreased. The melting range is also

lowered because of the tin diffusion.

Absence of Organic Materials - Organic materials, i.e., resins in
contact with the fuse element, were found to have a drastic cooling
effect. The mechanism was thought to be pyrolysis of the resins.
This physiochemical phenomenon absorbs large amounts of energy and
also produces gases, which on mixing with air already present inside
the fuse, are combustible. Combustion of such gas-air mixtures
during fuse testing produced destruction of the fuse enclosure when
organic materials (e.g., adhesives) were used in construction of the
fuse such that they contacted the fuse element. Ignition of the
gas-air mixtures was thought to be initiated by heat from the

melting fuse element.
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b)

Tension in the Fuse Element - At medium and high currents, rupturing
of the fuse element occurs violently, and enough of the element is
destroyed to remove the possibility of the remaining fuse segments
reuniting and reestablishing electrical continuity. At low currents
(e.g., 5 A for the Rockwell International designed fuse), heating to
fusion is slower, and rupturing is not catastrophic so that there is
a possibility that the fuse element segments can reunite,
particularly if the pleated fuse element is in compression before

rupturing.

Reuniting of the element by the fuse segments coming together has
even worse consequences if it happens that the element area
containing the fused tin-silver alloy is bypassed, as shown in

Figure 23.

Before Blowing Low Melting Alloy

After Blowing

Low Melting Alloy
Bipassed

Without Tensisn, Element

Need for Tension in Fuse Element  Reestablishes Electrical
Contact and Extends
Clearing Time

Figure 23. Requirements for Tension in Fuse

The new element thus formed will not readily rupture upon electrical
heating because pure copper without the fused tin-silver will
stubbornly stay together and require much greater energy (i.e.,
current-time) to rupture. To avoid reuniting of fuse segments after
rupturing at low electrical currents, the pleated element is
installed in tension so that there will be a force pulling the

element segments apart.
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Sufficient tension in the pleated element will only occur if the
element is constructed from foil which has been cold rolled to a

spring hardness temper.

5) Qperation at -55°C - As the fuse is operated at lower currents and
more time to clear is necessary (e g., 5 A), a greater amount of
heat is lost to the surroundings. This heat loss is particularly
severe if the fuse is operated at -55°C. In short, at low tempera-
tures and low currents, the fuse tends to be slow in clearing. To
overcome this problem, several insulative materials were tried over
the fuse. Ultimately, it was demonstrated that a foamed sleeve
(i.e., a shrinkable polyolefin foam sleeve) shrunk over the fuse,
minimized heat loss and permitted the fuse to clear well within the

specified requirements.
4.10.2 Fuse Manufacture and Test

Several fuse manufacturers were contacted for participation in the fuse
development effort. Ultimately, the group dwindled to one company, Bussman
Manufacturing, which continued cooperating with Rockwell International

throughout the development cycle.

Fuses developed by Rockwell International and manufactured by Bussman

were tested. Figure 24 shows the test results.

4.11 SSPC Packaging

Four electrically independent, repairable SSPC circuits are mounted on a
four-layer printed circuit board plug-in module. The module has externally
mounted aluminum rails for cooling components. The ends of the rails are also
used for securing the module to the SSPCA heat exchanger as shown in
Figur<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>